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Quick About Me: Guille

* Pronounced gife (guichet in FR, ~ghisheh in EN?)
* Now: Researcher at Inria - Lille

e Pharo Contributor since ~2010

 Keywords: compilers, testing, test generation
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* Interests: tooling, benchmarking, =&, board games, batman, concurrency, chess

If any of that interests you, come talk to me!
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PLACE
STAMP
HERE

exampleWithNumber: x

<syntaxOn: #postcard>
"A ""complete"" Pharo syntax”

|y |

true & false not & (nil isNil)
ifFalse: [ self perform: #add: with: x ].

.........................................................

y := thisContext stack size + super size.

byteArray := #[2 2r100 8r20 16rFF].

{ -42 . #(Sa #a #'I''m' 'a' 1.0 1.23e2 3.14s2 1) }
do: [ :each |

| var |

var := Transcript

show: each class name;
show: each printString ].

.........................................................

« https://www.pharo.org
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ar

PLACE
STAMP
HERE

exampleWithNumber: x

<syntaxOn: #postcard>
"A ""complete"" Pharo syntax”

|y |

true & false not & (nil isNil)

ifFalse: [ self perform: #add: with: x ]. User defined Qperations

y := thisContext stack size + super size.

byteArray := #[2 2r100 8r20 16rFF].

{ -42 . #(Sa #a #'I''m" 'a' 1.0 1.23e2 3.14s2 1) }
do: [ :each |

| var |
var := Transcript |

~ https://www.pharo.org
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ar

PLACE
STAMP
HERE

exampleWithNumber: x

<syntaxOn: #postcard>
"A ""complete"" Pharo syntax”

|y |

true & false not & (nil isNil)

: §[ self perform: #add: with: x ]. User defined operations

.........................................................

y := thisContext stack size + super size.

byteArray := #[2 2r100 8r20 16rFF]. Control Flow

{ -42 . #(%a #a #'T''n' 'a' 1.0 1.23e2 3.14s2 1) }
fdo:1[ :each |

| var |
var := Transcript

o https://www.pharo.org

y A A A s LS5 LB KBS SsS =SS |I




- - - - - - T T T T " =T €\

ar

PLACE
STAMP
HERE

exampleWithNumber: x

<syntaxOn: #postcard>
"A ""complete

|y |

Pharo syntax”

.........................................................

byteArray := #[2 2r100 8r20 16rFF]. Control Flow

{ -42 . #($a #a #'I''m" 'a' 1.0 1.23e2 3.14s2 1) }

@ [ seach | Operators

| var |
var := Transcript

o https://www.pharo.org
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ar

PLACE
STAMP
HERE

exampleWithNumber: x

<syntaxOn: #postcard>
"A ""complete

|y |

Pharo syntax”

000000000000000000000000000000000000000000000000000000000

byteArray := #[2 2r100 8r20 16rFF]. Control Flow

{ -42 . #(Sa #a #'I''m" 'a' 1.0 1.23e2 3.14s2 1) }

@ [ seach | Operators

Reflection

~ https://www.pharo.org
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PLACE
STAMP
HERE

exampleWithNumber: x

<syntaxOn: #postcard>

Pharo syntax”

"A ""complete
|y |

byteArray := #[2 2r100 8r20 16rFF].

Messages

{ -42 . #(Sa #a #'I''m" 'a' 1.0 1.23e2 3.14s2 1) }
{do:j [ :each |

| var |
var := Transcript

o https://www.pharo.org
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Everything Is a Message

/\

A Object
:

|

|

|

|

! Rectangle
|

width
l height
/ area()

S

aColoredRectangle width \ | _ColoredRectangle

color
I | borderColor

1| color()




Everything is a Message

What you see:

aColoredRectangle width

What you get:

/
aColored

I height

/\

A Object
|
i
|
,l

Rectangle
width

area()

JAN

ColoredRectangle

color
borderColor

color()

runtime

>

Rectangle

apply: (runtime lookup: #width in: aColoredRectangle))

on: aColoredRectangle
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Everything is a Message

/\

A Object
|
i
|
:

Rectangle
width
! height
/ area()

What you see: [

aColoredRectangle width \ | _ColoredRectangle

color
I | borderColor

1| color()

What you get: /
"“i runtime '

apply: (runtime 1ookup: #width 1N: aColoredRectangle))

on: aColoredRectangle
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Dynamic Translation - JIT Compilation

* Do not improve instruction dispatch and lookup: remove them !
* Translate functions/methods to machine code on the fly

* [echniques: dynamic compilation, code copying...

void ml(){
push;

send;
void interpret(){ push;
Efficient Implementation of the Smalitalk-80 System wh i 1 & ( 1 ) { sen d _;
, . Peter Deutach switch(nextInstruction){ pop;
xerox PARC, Software Concepts Group }
Allan M. Schiffman case pus h: ..
Fairchild Laboratory for Artificial Intclligence Rescarch case po p *

void m2(){
push;

case send:
void m3(){

([ J
machinec instruction sct, similar to the Pascal P-system [Ammann } Send J us h o
ABSTRACT 75] [Ammann 77]. One¢ unusual feature of the Smalltalk-80 v- sen d . p 3
. : : machine is that it makes runtime state such as proccdure } J d .

gramming language includes dynamic activations visible to the programmer as data objects. This is . sen 9
upward funargs, aad  universally similar to the “spaghetti stack™ model of Interlisp [XSIS 83}, but } pOp 9 .
he Smalltalk-80 programming sysiem more  straightforward: Taterlisp  uses a  programmer-visible POP 9
on with Imcrcmcntal compilation, and indirection mechanism to  reference  procedure  activations, }
Y. I'hese features  of modern whercas  the  Smalltalk-80  programmer  treats  procedure 12 }
imong the most difficuit to implement activations just likc any other data objects.

1Y A new imnlomentatiaon of the



Message Sends in the Cogit JIT Compiler

aColoredRectangle width

ldr x23, [x28]
ldr x22, #12

bl #-248



Message Sends in the Cogit JIT Compiler

aColoredRectangle width

LOAD x23, [x28]
LOAD x22, #12

CALL #-248



Message Sends in the Cogit JIT Compiler

aColoredRectangle width

LOAD aColoredRectangle
LOAD x22, #12

CALL #-248



Message Sends in the Cogit JIT Compiler

aColoredRectangle width

LOAD aColoredRectangle
LOAD #width

CALL #-248



Message Sends in the Cogit JIT Compiler

aColoredRectangle width

LOAD aColoredRectangle
LOAD #width

CALL thelLookupRoutine



Unlinked

aColoredRectangle width

Leeeees® method (= self lookup

LOAD aColoredRectangle method invokeWith: receiver
LOAD #width

CALL theLookupRoutine...........--""

18



Inline Caching

aColoredRectangle width

---------------- > method := self lookup

LOAD aColoredRectangle self cache: method

LOAD #width method invokeWith: receiver

CALL theLookupRoutine---.....ess=”

Efficient Implementation of the Smalitalk-80 System

L.. Peter Deutsch
Xerox PARC, Software Concepts Group

Allan M. Schitfiman
Fairchild Laboratory for Artificial Intelligence Rescarch
19



Linking the Send Site

aColoredRectangle width

method := self lookup

LOAD aColoredRectangle

#wiath
LOAD ColoredRectangle

4+———— gself cache: method

method invokeWith: recelver

CALL ColoredRectangle >> #width
thelLookupRoutine

20



Linking the Send Site

aColoredRectangle width

method := self lookup

LOAD aColoredRectangle
Hwidth
LOAD ColoredRectangle

.
. A

4+———— gself cache: method

method invokeWith: recelver

.

CALLfColoredRectangle >> #width

If this recelver’s class, this IS the method to call

21



Speculative Linkage

aColoredRectangle width » ColoredRectangle >> #width
- Check receiver type

LOAD aColoredRectangle L It wrong,

LOAD ColoredRectangle % CALL thelLookupRoutine

CALL ColoredRectangle >> #width
“method body”

22



Polymorphic Sites: fail+lookup+rewrite

*some benchmark last week

Call-sites




Polymorphic Inline Caches

Published in ECOOP ‘91 proceedings, Springer Verlag Lecture Notes in Computer Science 512, July, 1991 .

Optimizing
Dynamically-Typed Object-Oriented Languages
With Polymorphic Inline Caches
Urs Holzle

Craig Chambers
David UngarT

Computer Systems Laboratory, Stanford University, Stanford, CA 94305
{urs craig,ungar} @self.stanford.edu

Abstract: Polymorphic inline caches (PICs) provide a new way to reduce the overhead of polymorphic
message sends by extending inline caches to includegpore than one cached lookup result per call site. For
a set of typical object-oriented SELF programs, PICs achieve a median speedup of 11%.



Caching the Last N Results

aColoredRectangle width ‘ywa'CheCk receilver type

If ok
LOAD aColoredRectangle é CALL ColoredRectangle >> #width
LOAD ColoredRectangle } If recelver type == Rectangle

L 2
L 3
*
.
.
““
Y
put®

CALL DispatchTable
Lol orediectans L e—=S>—Hwidth

CALL Rectangle >> #width

CALL thelLookupRoutine

25



It’s Just a Code Patching State Machine

[ unlinked )}===———1P%» monomorphic ) —P{ polymorphic | —P¢ megamorphic |

SN o S . B S .

patch o patch — patch

26



Patching Machine Code

 The compiler has to output patchable code
* We need different patching routines per platform
 Some decisions are taken by disassembling the machine code at runtime

Is this process suspended at a send?

patch

polymorphic e megamorphic

patch —— patch



Table Based PICs

28



Table Based PICs

Some Machine Code

LOAD aColoredRectangle _ _
/ SiteHandlerRoutine
LOAD SiteHandlerRoutine Payload

Payload

CALL SiteHandlerRoutilne

29



Patching PICs

LOAD aColoredRectangle SiteHandlerRoutine | thelLookupRoutine

LOAD #width

unlinked

CALL{theLookupRoutinef
LOAD aColoredRectangle SiteHandlerRoutine Colol“ed#Re.cdttahngle
>> HW1

LOAD ColoredRectangle

Mono

- 4 - d »» -
Y 3
‘_, g P L W e S «’ v e B > 3 o ViSRS g ' N ey - gy - Jea _Ru SRR e JRES “ RS - VQ
o, » ~ - ~_ -
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

LOAD aColoredRectangle | SiteHandlerRoutine| DispatchTable

LOAD ColoredRectangle Typel method1

poly

Type2 method2

CALL}

DispatchTable |

30

LOAD aColoredRectangle
LOAD SiteHandlerRoutine
CALL SiteHandlerRoutine



UBench: a Micro Benchmark Infrastructure

self assert: jitcomps = newjitcomps.

¢ NO NoISe contextSwitches := vm parameterAt: 56.
"ALL the loops up to O are warmup so we can Llink #sendYourselfTo: on this method"
-3 to: aReceiverSequence size do: [ :1 |
° : : :
NO GC | receiver startTime endTime |
newgcs := vm incrementalGCCount + vm fullGCCount.
. - self assert: gcs = newgcs.
°
NO JIT COmpIIatIOnS newjitcomps := vm compiledMethodsCount + vm compiledBlocksCount.

self assert: jitcomps = newjitcomps.

e No context switches recetver := nil.

© < i ifTrue: [ receiver := aReceiverSequence at: i |.
startTime := Smalltalk highResClock.

self sendYourselfTo: receiver.

endTime := Smalltalk highResClock.

© < i ifTrue: [ result at: i put: endTime - startTime. ] ].

contextSwitchesend := vm parameterAt: 56.
self assert: contextSwitches = contextSwitchesEnd.

31



Wait WAT?

1200.0

900.0

600.0

300.0

0.0

| | |

Tables: 305 +- 24 (3x) (%2

\ {

Patching: 116.284 +- 85

0.0

100.0

200.0

300.0

400.0

32

500.0

*Using a polymorphic send site always with the same type
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Where does the time go?

C NON ) B opal-druid
® M gotham ) @ Pharo Run 40 of 40 | 00:00:11 iG] + &
© INSTRUMENT v * D Target Threads CPUs Instruments Duplicate
00:00.000 00:30.000 01:00.000 01:30.000 0
Q Time Profiler
[nstrument ) CPU Usage
Profile ¢ D
Weight  Self Weight Symbol Name Heaviest Stack Trace =
7.00s 100.0% Os @ v Pharo (59234) ' 6997 Pharo (59234)
3.64s 51.9% 0s i) v start dyld
3.63s 51.8% Os 8 v vm_main libPharoVMCore.dylib 3334 0x3000017f7
3.63s 51.8% Os B v vm_main_with_parameters libPharoVMCore.dylib
3.63s 51.8% O0s 8 v runOnMainThread [inlined] libPharoVMCore.dylib 932 0x100028cd408
3.63s 51.8% Os 8 > runVMThread [inlined] libPharoVMCore.dylib
1.00ms 0.0% Os B > vm_parameters_parse libPharoVMCore.dylib 932 0x300001837
7.00ms 0.1% Os @ > dyld4::prepare(dyld4::APIs&, dyld3::MachOAnalyzer const*) dyld
3.33s 47.6% Os v 0x3000017f7 @ 932 0x30000414b
932.00 ms 13.3% Os > 0x100028cd408
650.00 ms 9.2% 0s > 0x300001837 932 0x3000042e3
428.00ms 6.1% Os > 0x30000229b
188.00 ms  2.6% 0s > 0x30000219b e DR
116.00 ms 1.6% Os > 0x100003b30af
116.00 ms  1.6% 0s > 0x1000037795b 992 0x3000044b3
115.00 ms 1.6% Os > 0x3001128df 931 0x300003993
80.00ms 1.1% Os > 0x100009186¢c5
47.00ms 0.6% 0s > 0x1000268eb35 931 0x3000045¢7
40.00 ms 0.5% Os > 0x100003af11c
37.00ms 0.5% Os > 0x3000fd69f 929 0x1000282f90c¢c
25.00 ms 0.3% Os > 0x3000787db
23.00ms 0.3% Os > 0x30003f863 926 0x300001837
21.00 ms 0.3% Os > 0x100028bbd0b
19.00 ms 0.2% Os > 0x10000406954 926 0x30000474b
17.00 ms 0.2% Os > 0x300002933
17.00 ms  0.2% 0s > 0x30000345b 926 0x300003993
16.00 ms 0.2% Os > 0x1000040693c
15.00 ms 0.2% 0s > 0x300004213 e LRIl
15.00ms 0.2% Os > 0x10000406949
14.00 ms  0.2% 0s > 0x100012ed122 204 0x30006a177
12.00ms 0.1% Os > 0x10000623afa 500 Ox300001837
11.00ms 0.1% Os > 0x300077b53
10.00ms  0.1% 0s > 0x3000026db 499 0x300123867
10.00ms 0.1% Os > 0x30000808f
9.00ms 0.1% Os > 0x3001243fb 499 0x30012a547
9.00ms 0.1% Os > 0x3000d40c3

ONN rme N 10/ N e N Av1NNDNY2°QAYNEQ RARE7 Ov2RO0ND019aN0AF



Memory Hierarchy and CPU Caches

| faster
CPU - Registers {é}
o faster when closer to CPU
* Invalid data needs to be refetched L1 Cache ﬁ?{?ﬁ
 Data = program data + instructions
L2 Cache
Main

memory

35



Memory Hierarchy and CPU Caches

| faster
CPU - Registers ié}
e Faster when closer to CPU

» Invalid data needs to be refetched L1 Cache i

+ Data = program data + instructions |

YOU MAY REMEMBER ME ~
\ -
\@Q

)

Patching Mo
_ ain
Invalidates  memory

o

K rnnm 0S CLASS Instructions!

36




Profiling CPU Metrics: Cache Misses

1D 1D 1D 1D 1] 2

TLB_MISS MISS_LD MISS_ST WRITEBACK TLB_MISS TLB_MISS
Patching 23 9M 131.6M 70M 80M 42.6M 5.8M
laples 9 6M 80M 25M 31M 10./M 1M

Patching is slower here? (—%(




CPU Pipelines

18 2 & L4 Is 1

Instruction 1 decode | execute

Instruction 2 decode | execute

lnstruction 3 | decode | execute

: decode | execute
Instruction 4 , |

38



CPU Pipelines

Instruction 1
Instruction 2
Instruction 3

Instruction 4

& L4 Is 1

| decode | execute |

39

! decode | execute §

| decode { execute |

| decode | execute |

** CPU Parallel Execution



ONE DOES NOT SIMPLY,

CPU Pipelines and Branches ,} ‘
“

PREDICTTHE NEXT INSTRUCTION

18 2 & L4 Is 1

Instruction T decode | execute

Jump instruction | decode | execute |
7777

777

: : decode | execute
Instruction after jump + -

40



ONE DOES NOT SIMPLY

€

CPU Pipelines and Branches

~

PREDICT'THE NEXT INSTRUCTION
ot ot ot ot te

Instruction T decode | execute

Jump instruction decode | execute |
7777

777

: : fetch | decode | execute
Instruction after jump f \

Stalling loses time!

41



ONE DOES NOT SIMPLY

AL
Ve

Branch Prediction

B
PREDICT'THE NEXT INSTRUCTION

18 2 & L4 Is 1

Instruction 1 decode | execute

Jump instruction 4 decode | execute , Guess!

Instruction after jump (maybe?) | 'etc" | decode | execute]

| decode | execute |

| decode | execute |

42



ONE DOES NOT SIMPLY,

%
v Y

Branch (Mis)prediction

~

PREDICT-THE NEXT INSTRUCTION
ot ot ottt

Instruction 1 execute _,

Jump instruction

| decode | execute

43



Profiling CPU Metrics: Cache Misses

CALL_INDIR BR BR_INDIR STALL
MISPRED MISPRED MISPRED
Patching 7 7K 4.6M 20M 412M
lables 17 4K 6.4M 44 M 840M
(~2.5x) (~1.3x) (~2.2x) (~2x)
Well... this is better! (?) &




Direct Branches and Prediction

unlinked

Mono

poly

LOAD
LOAD
CALL

LOAD
LOAD
CALL

LOAD
LOAD
CALL

aColoredRectangle
#width

thelLookupRoutine

aColoredRectangle
ColoredRectangle
ColoredRectangle >> #width

aColoredRectangle
ColoredRectangle
DispatchTable

45

ONE DOES NOT SIMPLY

PREDICT'THE NEXT INSTRUGTION



Direct Branches and Prediction

unlinked

Mono

poly

LOAD aColoredRectangle
LOAD #width

SN N I =il -

‘;‘ [ ]
C L L " ‘
A 4 £

LOAD aColoredRectangle
LOAD ColoredRectangle

—Z g g v - g i
A ° 2
" N

LOAD aColoredRectangle
LOAD ColoredRectangle
CALL

f{DispatchTable {

46

ONE DOES NOT SIMPLY
\\ ‘
o |
‘rlhz, )
ot

PREDICT'THE NEXT INSTRUCTION

IFYOU KNOW WHERE TO JUMP

imgflip.com




A Fresh Look at Patching PICs

* Direct calls: Good for prediction
* |nvalidation: Bad cache behavior

 Not Portable: Messy maintenance

47



A Fresh Look at Patching PICs

* Direct calls: Good for prediction
* |nvalidation: Bad cache behavior

 Not Portable: Messy maintenance

Mega (Ighacio Lossigio) 48



atching PICs are per send site

“‘7 Check receiver type

‘0
.
.0
8 If ok
N
LOAD aColoredRectangle .
.
. :
. CALL ColoredRectangle >> #width “‘7 Check receiver type
LOAD ColoredRectangle . ’0‘
L 4 4
. : —
“‘. If receiver type == Rectangle :' If ok
. g [ ]
CALL DispatchTable LOAD aColoredRectangle .
. .
CALL Rectangle >> #width % CALL ColoredRectangle >> #width
a
LOAD ColoredRectangle .
L 4
‘.’ If receiver type == Rectangle
% 2e
CALL DispbatchTable .
‘7 Check . . CALL Rectangle >> #width
o eck receiver type
¢
.
.
.0
8 If ok
N
LOAD aColoredRectangle .
.
% CALL ColoredRectangle >> #width
a
LOAD ColoredRectangle .
L 4
‘.’ If receiver type == Rectangle
-“‘

CALL DispatchTable

CALL Rectangle >> #width

49



Table PICs share the routines!

LOAD aColoredRectangle

LOAD SiteHandlerRoutine SiteHandlerRoutine

. . Payload
CALL SiteHandlerRoutine

Payload

LOAD aColoredRectangle

LOAD SiteHandlerRoutine

CALL SiteHandlerRoutine SiteHandlerRoutine Some Machine Code

Payload

Payload

LOAD aColoredRectangle

/ SiteHandlerRoutine
LOAD SiteHandlerRoutine

Payload

CALL SiteHandlerRoutine Payload

50



Let’s multiply the routines!

LOAD aColoredRectangle

LOAD SiteHandlerRoutine SiteHandlerRoutine Some Machine Code

. Payload
CALL SiteHandlerRoutine

Payload

LOAD aColoredRectangle Some Machine Code

LOAD SiteHandlerRoutine

CALL SiteHandlerRoutine SiteHandlerRoutine

Payload

Payload

Some Machine Code

LOAD aColoredRectangle

/ SiteHandlerRoutine
LOAD SiteHandlerRoutine

Payload

CALL SiteHandlerRoutine Payload

51



250 stubs, allocated round robin

1200.01
900.01
600.01
300.0+ | l Tables: 154.852 +- 18 (1.33x)
Patching: 116.284 +- 85
O°0-LI I I I I r

0.0 100.0 200.0 300.0 400.0 500.0

52 *In a random benchmark for patch based PICs, | had ~500 PICs stubs



LOAD aColoredRectangle SiteHandlerRoutine

LOAD #width
CALL{EpégaékQEﬁbﬂkiné}

unlinked

Takeaways

o LOAD aColoredRectangle SiteHandlerRoutine
S LOAD ColoredRectangle |
S CALL'Co_l:‘orédR;E:‘EgQngf >> jfwidt»hi
......................... LOADaCOlOPEdRectangle 9 SlteHandlerRounne
% LOAD “Cmolor'edRecta»ngle Typel
= CALL Ei:é_‘p‘étvc hﬁ-ﬂ] Type2 method?
. 1200.0+
* Actively making the VM easier to maintain
900.0+
* A simpler implementation seems feasible, but
. 600.0+
* We still need to help the CPU
_ _ | | 300.0- ‘ I l
» fine tuning still required §
0.0- A,

0.0 100.0 200.0 300.0 400.0 500.0$

- L Université
&z%’a/- Evref @ [MRIStAL L de Lille /
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percentage

Global Lookup Caches

Interpreter >> lookup: selector in: receiver
method := self lookupInCache: selector in: receiver.

e Hash table, LRU eviction method ifNotNil: [ ~ method ]

“SLOW LOOKUP>

Microdown DeltaBlue Richards Compiler

100 -

79- Hits and Misses
. Probe 1 hit
50 - . Probe 2 hit
. Probe 3 hit
Miss
. B

Efficient Implementation of the Smalitalk-80 System

L.. Peter Deutsch
Xerox PARC, Software Concepts Group

Allan M. Schiffman
Fairchild Laboratory for Artiticial Intelligence Rescarch




